T he science of understanding climate change was instigated in the 19th century by a desire to understand the comings and goings of ice ages, given new relevance by the controversy over the effects of supersonic transport in the 1970s, and driven in recent decades by compelling data showing an increase in atmospheric carbon dioxide. The field coalesced under the strong leadership of a few key scientists who saw the broad problem, organized other scientists, and communicated effectively to international leaders and the public at large. Today the community of climate scientists includes participants from many different disciplines and from all around the world. While multiple formal scientific models play important roles in the understanding of climate scientists, no model is sufficiently representative of the whole climate system to adequately describe the full process and consequences of global warming. Rather, the knowledge embodied in multiple models, as well as knowledge that does not fit into formal models that make up climate science, is understood as a whole through a collective process of learning and understanding among scientists with diverse training and expertise.
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After addressing how a collective learning process gets started, we argue that there are four ways through which dispersed disciplinary knowledges are being brought together in the understanding of climate change. These are (1) building large global circulation models starting from basic physical principles, (2) integrating models that were originally built to understand economic and ecological systems separately, (3) preparing assessment reports on the state of climate science for scientists and policymakers, and (4) working within a distributed learning network whereby individual scholars adjust their own research design and interpretation in response to what they learn from other scholars. These four different approaches complement each other to inform the collective understanding of climate change among the community of scientists engaged in the process. Our concern here is primarily with the interaction among scientists, rather than the related interaction between scientists, policymakers, and broader social institutions.
Early visions of newly critical systems
In a world where most scientists advance by reducing problems into parts and tackling pieces, how do systemic questions and temporary answers arise and attract sufficient attention by other scientists to become a new field of inquiry? Svante Arrhenius calculated in 1896 that a doubling of carbon dioxide in the atmosphere would lead to an increase in global temperature of 5 to 6 degrees Celsius. Although he was primarily trying to understand whether a decrease in carbon dioxide could bring on an ice age, he did note that by burning fossil fuels, people had become a driving force of climate. A few scientists elaborated further on Arrhenius's argument over the next half-century, but global warming did not become a significant collective area of work until Charles Keeling began measuring carbon dioxide concentrations on Mauna Loa in Hawaii in 1958. By 1963, Keeling was concerned that carbon dioxide concentrations were increasing considerably faster than heretofore thought. Then there was a period during the mid1960s through the mid-1970s in which the proposed fleet of supersonic transport planes and the use of aerosols in spray cans seemed to threaten cooling, offsetting the greenhouse effect. Stephen Schneider argued that, whether the climate was warming or cooling, the uncertainty justified paying attention and taking corrective actions, given the tremendous importance of climate and the risks to agriculture (Schneider and Mesirow 1976) . The potentially cooling driving forces were averted because supersonic transport proved expensive, yet Keeling's data showed carbon dioxide in the atmosphere consistently rising. Thus scientists' concern returned to warming, marked by National Academy of Sciences (NAS) reports in 1974 and 1977 arguing largely for more research funding (Weart 2003) .
Our central point here is that a new conception of what constitutes a critical system of interactions is necessary, even though it might only be a crude description in the beginning. Somehow the boundaries, key components, important interactions, and insights into the possible consequences of a dynamic between people and their environment must become sufficiently established to rally scientists to begin to work together to further understand the potential problem. The haphazard way in which critical questions have arisen and scientists have rallied to work collectively on them in the past is not comforting. Could we have averted climate change more successfully had scientists pursued the implications of Arrhenius's calculation sooner? How many equally critical questions have been raised but are languishing now? And could science be better organized to look for and respond to areas in which collectively trying to understand a complex system might be fruitful?
There are clear parallels with the difficulties, indeed failures, of national intelligence agencies trying to collect and provide some order to information on the possible rise of new threats. The agencies are organized around, and must still stay on top of, known problems. At the same time, they need not only to be open to, but also to allocate resources to, wholly new, unknown threats. By themselves, miscellaneous observations are of little use, for they get lost in the files. Rather, dispersed bits of information need to be assembled in different possible ways to see how the observations might fit together. The possibilities are endless. New theories need to be proposed that challenge the interests of intelligence personnel vested in existing theories. Coordination between departments, let alone separate agencies, diverts time and resources, challenging existing priorities and those who are building their careers in the existing structure. Being scientifically open to, and allocating scientific resources to investigating, a world of possible ways in which humans are affecting our environment is a very similar problem.
General circulation models
Predictive models of complex phenomena such as the global climate necessarily represent specific compromises between the relevant theoretical insights, available data, computational capacity, and policy requirements that present themselves to the modeling community. Some of the problems that arise in these domains, such as the management of uncertainty, are better explored by other authors (see Jasanoff and Wynne 1998) , but there is still much to be learned about the interaction of modelers from various communities with each other and with policymakers and other stakeholders.
General circulation models (GCMs, though the acronym is sometimes now interpreted as "global climate models") have been the most influential scientific models of the climate system. These models built on efforts already under way to model weather systems. The underlying strategy for weather models is to construct from first principles-the principles of conservation of mass and energy-a numerical model of how the globe distributes heat through atmospheric circulation. The models divide the atmosphere into large cubes; equations linking the cubes are defined, initial conditions are set, and then weather patterns play out. The differing time frames of weather models (days to several weeks) and of climate models (decades to a century), however, meant that to create GCMs, the weather models had to be stripped of most of their short-run phenomena and then made more complex by including the longerterm factors affecting climate change: how greenhouse gases affected the absorption and radiation of heat, the role of the oceans in distributing heat and absorbing carbon dioxide, and so on. The complexity of interacting phenomena included in GCMs increased about as fast as computer speed increased, leaving the spatial resolution still quite low. Nevertheless, GCMs now track historic conditions quite well and allow us to see how the future might unfold under different scenarios. GCMs are an extremely impressive scientific accomplishment. But they are an incomplete description of the global system. Terrestrial ecological feedbacks (with rare exceptions) and the economic system are not represented in the models. They must be fed to the model as scenarios. Since the GCMs are not whole, GCM modelers must interact with terrestrial ecologists and economists to determine what are reasonable scenarios to run. Because they systematically include neither people's material needs and desires nor the ecosystems with which people actually interact most, GCMs cannot possibly play an integrating role for our overall scientific understanding of climate change. They contribute immensely to the whole, but are not even nearly whole themselves.
Even if GCMs included the economic system and terrestrial ecosystems, scientists would still have to be able to stand outside of the models enough to judge whether they were running well. Nor can the parts simply be judged independently by the scientists who know those parts best, for the parts interact and produce wholly new effects-projections of a fundamentally unknowable future-whose plausibility must be judged by scientists from different backgrounds working together. Our point here is that even if GCMs were the primary source of our understanding of climate change, building them, selecting reasonable starting conditions and scenarios, and interpreting the model results would still require discussion across the disciplines and collective judgments. Our understanding of climate change, however, is that it is more of a collective process than this, because there are other approaches to understanding climate change as well.
Integrated assessment modeling
Integrated assessment (IA) modeling links the models of different scientific communities into a more comprehensive model. A key premise of IA modeling is that larger systems can be understood by linking models of subsystems that can be borrowed from different disciplinary communities. The individual subsystem models that are treated as modules of a larger IA model, however, were developed independently of each other. Typically they were designed to run at different spatial and temporal scales. Their integration requires that one or more critical outputs of each module must be inputs to one or more other modules. The flows between the modules must necessarily be quantitative in nature. To get the modules to work together and to get them to match available data, IA experts typically have to modify the original models, build simpler models that incorporate critical elements, or provide an interlinking model that aggregates outputs across space and time from the individual models so that their outputs can feed into another model. Models developed and heretofore interpreted within individual scientific communities are taken out of their hands, modified, and used with other models in ways over which the original scientific communities no longer have control. The original models were usually not designed to link with other models, which means that the most important linkages are frequently "tacked on." So that IA provides plausible outputs, data are selected and outputs managed so as to keep the integration from having unstable properties, multiple solutions, or solutions that, (Weyant et al. 1996 , Schneider 1997 , Rotmans and Dowlatabadi 1998 . Although many efforts have been made to link models, the most successful IA model is the simplest and most transparent. The Nordhaus model of climate change, in merely 13 equations, combines an economic production function including technological change, how greenhouse gas emissions stem from production, how emissions drive climate change (including how greenhouse gases are sequestered in the ocean), how climate change damages the economy, the costs of reducing greenhouse gas emissions, and a social welfare criterion to be optimized (Nordhaus 1994) . This has been a highly influential model because it incorporates many of the critical components of the problem. At the same time, the model has been strongly criticized for its simplicity. Yet at least the Nordhaus model is transparent enough that its shortcomings, and their effects on its output, can be clearly identified and discussed. To their credit, Nordhaus and his collaborators have made their code readily available, and the model has been modified and used by a variety of other scholars (Roughgarden and Schneider 1999, Mastrandrea and Schneider 2004 ).
Assessments of the science, response options, and research priorities
There is a long history of scientists being asked by legislators or public agencies to make their best assessment of a current situation, of the state of the science with respect to the situation, and of the outlook for the long term. Through the assessment process, selected scientists can have a significant effect on the priorities under which all scientists propose new research, and can thereby affect the direction the science takes. Most of the questions addressed in scientific assessments are interdisciplinary in nature, so the scientists on the panel come from different scientific communities. Scientists on assessment panels have an excellent opportunity to learn from other top scientists. Indeed, if the report contained only what was known by the individual scientists before they joined the panel, the assessment might be stilted, not terribly interesting, and perhaps incoherent. The collective learning that takes place during a scientific assessment is essential to the success of the assessment. Furthermore, scientists who have participated in the process are now more broadly informed, and are more likely to ask and pursue different questions, to interpret results more broadly, and to communicate to a wider range of scientists and policymakers.
For climate science, regular assessments are at the core of the process of collective learning. Following the early assessments by the NAS mentioned above (Weart 2003) , major assessments have been organized by the Intergovernmental Panel on Climate Change (IPCC), which was set up jointly under the World Meteorological Organization and the United Nations Environment Programme. Assessments were issued in 1990, 1995, and 2001 , and a fourth assessment is in process. Numerous smaller assessments of specific issues are continually being undertaken, sometimes as a part of the IPCC process, sometimes under other auspices.
The process of writing an IPCC assessment report is fairly elaborate. An outline of the report is drawn up, portions are assigned to writing teams, drafts are sent out for review by other authors and by external experts, authors meet with each other and respond to the comments, chapter review editors negotiate differences in opinion and oversee quality control, new drafts are issued, and the whole process is repeated again. The process is designed to facilitate exchanges of information and work toward a consensus on what is important enough to include and what can be ignored. The natural system may behave stochastically; some parts of the science are better established than other parts; humanity's future could unfold in multiple ways regardless of climate change; and how nations, corporations, and individuals will respond to avert or adapt to climate change is also unclear. And all of these uncertainties feed back on each other and multiply. So the range of judgments about the future among experts varies, and this range must be reflected in the report and yet at the same time controlled. Not all possibilities can be described and assessed; the report needs to be short enough to read. And what is included and the particular wording of sum- mary chapters must be negotiated further, for they need to be very tightly presented. The assessment process requires unusual openness to alternative information and judgments. The participants must trust each other to come to some sort of closure, at least for the particular assessment at hand. Because of the nature and frequency of the assessment process for climate science, it plays a very significant role in scientists' collective understanding of the field. As the number of climate scientists has increased, special journals have been established, and thus members of the scientific community have also engaged in assessment through the review of each article and through the ways earlier articles were referenced and incorporated (or not) in subsequent articles. Thus, assessment is now constantly taking place through various channels, as in any science; but the IPCC assessment process plays an especially important role in climate science.
The leaders of the IPCC recognized very early that the global nature of climate change necessitated international understanding and consensus. Thus scientists involved in the IPCC assessment process are largely appointed by national governments, and some of the summary portions of the assessment are written in collaboration with policymakers representing national governments and international organizations. Though scientists have the final say on the science in the report, the policy concerns of national governments are addressed, and the choice of what science is emphasized is largely driven by policy concerns. The whole assessment process is conducted in a spirit of open exchange and democratic debate, so that the concerns of poor nations, small island states, and different economic sectors are addressed. Science drives the answers, but the questions that scientists address are not limited to what an elite few deem the most important issues.Yet because of the political implications, particular scientific issues are not laid to rest without extensive discussion. Clearly, it is a time-consuming process. Though surely the process does not fulfill the conditions advocated by Philip Kitcher (2001) for a scientifically informed citizenry that democratically determines the directions science should take, the approach of IPCC is an interesting example of an effort to wed science and divergent interests.
The nature of the final collective judgments and the types of learning that take place among the participants are affected by the broad mix of scientists and policymakers engaged in the process. This is clearly the most participatory part of climate science, for it is almost entirely a social process. A few critics charge that climate science is entirely socially constructed, citing the debates in the process of preparing the IPCC assessments as blatant evidence. The counterargument is that this is the way science has always worked, but that the multidisciplinary nature of climate science and the importance of climate change to the course of history make it even more so. Had the "Atoms for Peace" program been similarly debated in the 1950s, we might not have generated the nuclear waste that we now are still trying to figure out how to manage.
Distributed learning networks
Scientists from different scientific communities addressing climate change interact with each other through numerous workshops, conferences, and assessment processes. They also read interdisciplinary journals dedicated to the issues of climate change. Some scientists have been interacting for decades, others for only a matter of years. Clearly, scientists are learning from each other and adjusting their own research accordingly. When climate modelers explained why the poles would warm more than the rest of the earth, scientists who study arctic organisms and ecosystems became more actively involved in climate research. When climate modelers suggested that weather events may be more extreme during warming, terrestrial ecologists amended their research to include the possible implications of greater variation in weather. Different climate researchers are all learning from each other, and they are modifying the design of their own research and interpreting their results differently as a result. Think of it as a distributed learning network. This process goes on all the time in science, but in climate science it is especially important because it connects the learning of heretofore separate communities of scientists.
An interesting aspect of this process is that it occurs to some extent without scientists actually being in the same room together. They could simply read each other's journal articles, or even pick up key points in the science section of the newspaper. Of course, it is better for scientists to interact more systematically, and numerous efforts are being made to bring scientists together. Over time, through interactions such as these, the community of scientists surely converges on a better understanding of the whole field of climate change more quickly than if scientists simply worked with what was developed in their separate disciplines. Yet a theoretical model of the process and empirical work seems strangely absent. Who knows enough about the process to say how it might be improved upon within the community of climate scientists? Who knows whether scientists as a whole are too little engaged with material beyond their discipline or too much, and how interdisciplinary work could be measured and should be weighed in the promotion of scientists? And of course further questions are raised by the need for scientists studying climate to interact with stakeholders who may have different perspectives on what is important to study (Stern 2005) .
Conclusions
Climate scientists' understanding of complex systems has long relied on the collective processes of learning described above. However, there has been relatively little work on how different social structures, communication rules, and processes of reaching judgments hinder or help scientists in reaching a better collective understanding.
Within disciplines, collective judgment and interpretation is also essential, though its importance until recently has been downplayed somewhat (Kuhn 1962 , Hull 1988 . When the system under consideration is complex, the process of collective judgment and interpretation becomes more important, for at least four reasons. First, because it is more difficult to conduct a collective process among scientists from different scientific communities, greater time and effort must be expended in communication to reach an understanding comparable to that reached in a discipline (see box 1 in Lélé and Norgaard 2005) . Second, more scientists must be closely involved in developing the scientific understanding of more complex systems. Third, more collective judgments must be made. Within individual disciplines, judgments are typically made about what goes into and out of a single model. For complex problems, multiple models that do not fit together are used interactively in such a way that judgments must be made not only with respect to their inputs and outputs, but with respect to their different structures as well. Fourth, models within scientific disciplines are typically constructed to fit the dimensions of the problem: the subject focus, the spatial and temporal scale, and the boundary limits. Thus far, at least, in the science of climate change, many of the models and data are inherited from efforts to answer earlier questions in more narrowly defined fields.
The complexities of climate change and its consequences are too great for a single mind to grasp. The problem must be understood systemically, yet there is no single model within which all of what climate scientists know is integrated. The integration comes through shared communications and judgments at a general level and through trust in the separate, specific deeper knowledges of one's fellow scientists. Lélé and Norgaard (2005) stress that communication and trust are most difficult between positivist scholars and interpretive scholars. Indeed, little interpretive scholarly work on climate change is well incorporated in the collective understanding of climate change, although an excellent collection of interpretive thinking on climate change exists apart from the dominant literature (Rayner and Malone 1998) .
In some sense, knowledge of the climate system is integrated only through collective processes. To the extent that the human predicament at the beginning of the 21st century can be characterized as the challenge of overcoming dispersed knowledge to achieve collective, systemic understanding, then the history of how the understanding of the climate system arose is surely a sign of hope. Just as surely, however, we need to broaden historic understandings about how science works so that we can both improve the collective process of how we know and incorporate this mode of science into the policy process and public understanding.
